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Effects of parathyroid hormone and calcitonin on electrolyte ex-
cretion in the rabbit. We evaluated the effects of bovine para-
thyroid hormone (PTH) and salmon calcitonin on urinary elec-
trolyte excretion in thyroparathyroidectomized rabbits and rats
in vivo to obtain data for the isolated rabbit tubule in vitro. In
rats, PTH increased fractional phosphate excretion (FE) in a
dose-dependent fashion from 0.13 0.02% to 36.0 3.0%. In
rabbits, FE0 started at a much higher level, 18.0 4.0%, and
increased to 28.0 4.0% with pharmacologic doses of PTH. In
rats, PFH significantly decreased calcium excretion at the lowest
dose, and this effect persisted at the higher doses. In rabbits,
calcium excretion was markedly higher and was significantly de-
creased at the highest dose of PTH. In rats, calcitonin increased
FE0 at low dose levels without further increases at the higher
dose. In contrast, calcitonin was not phosphaturic in rabbits, and
at the highest dose FE0, was significantly decreased. In rats,
calcitonin increased FEND from 0.2 0.1% to 1.6 0.5% at the
highest dose. In rabbits, calcitonin was markedly natriuretic;
FENa increased from 4.0 0.5% to 18.0 3.0% at the low dose
without further increases at the higher dose. FE1 increased in
parallel from 6.0 0.6% to 23.0 4.0%. Summary. PTH result-
ed in similar directional changes in phosphate and calcium han-
dling in both rabbit and rat. The magnitude of response, how-
ever, varied between species. The predominant effects of calcito-
nm were to increase phosphate excretion in the rat and sodium
chloride excretion in the rabbit.
Effets de l'hormone parathyroIdienne et de Ia calcitonine sur
l'excrétion d'électrolytes chez le lapin. Les effets de l'hormone
parathyroldienne (VFH) bovine et de Ia calcitonine de saumon
sur l'excrétion urinaire d'électrolytes ont été évalués in vivo
chez des lapins et des rats thyroparathyroidectomisés afin
d'apporter des éléments d'interprétation des résultats obtenus in
vitro sur le tube isolé de lapin. Chez les rats Ia PTH augmente
l'excrétion fractionnelle de phosphate (FEp0) de 0,13 0,02% a
36,0 3,0%, en fonction de Ia dose. Chez le lapin, FE0 part
d'un niveau plus élevé, 18,0 4,0%, et augmente a 28,0 4,0%
avec des doses pharmacologiques de PTH. Chez le rat, Ia PTH
diminue significativement l'excrétion de calcium aux faibles
doses, et cet effet persiste aux doses élevées. Chez le lapin,
l'excrétion de calcium est beaucoup plus importante et elle di-
minue significativement aux plus fortes doses de PTH. Chez le
rat, La calcitonine augmente FE0 aux faibles doses sans effet
supplémentaire aux fortes doses. Au contraire, chez le lapin, il
n'y a pas d'effet phosphaturique, et FE0diminue signifi-
cativement aux doses les plus élevées. Chez le rat, Ia calcitonine
augmente FENa de 0,2 0,1% a 1,6 0,5% aux doses les plus
élevées. Chez le lapin Ia calcitonine est fortement natriurétique;
FENa augmente de 4,0 0,5% 18,0 3,0% aux doses faibles,
sans augmentation supplémentaire aux doses les plus élevées.
FE1 augmente parallèlement de 6,0 0,6% a 23,0 4,0%. Re-
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sumé. La PTH determine des modifications des comportements
du phosphate et du calcium qualitativement semblables chez le
lapin et le rat, l'importance de Ia réponse vane cependans avec
l'espèce. Les effets prépondérants de Ia calcitonine sont
l'augmentation de l'excrétion de phosphate chez le rat et de chlo-
rure de sodium chez le lapin.
Studies in the isolated rabbit tubule have local-
ized parathyroid-sensitive adenylate cyclase to the
proximal convoluted tubule, pars recta, cortical
thick ascending limb, and segments of the distal tu-
bule and collecting tubule [1]. Calcitonin-sensitive
adenylate cyclase has been localized to the cortical
and medullary portion of the ascending limb of the
loop of Henle and to the "bright" portion of the
distal convoluted tubule [2]. The effects of PTH and
calcitonin on electrolyte excretion have been char-
acterized in the rat and other species, whereas very
little is known of the effects of these hormones on
electrolyte excretion in the rabbit [3—6]. To provide
a basis for the interpretation of the effects of these
hormones on isolated tubules from rabbits, we
made comparisons of the effects of PTH and cal-
citonin on electrolyte excretion in the rabbit and
rat. The consequences of the marked stimulation of
adenylate cyclase by calcitonin in the ascending
limb and distal tubule of the rabbit were of particu-
lar interest.
Methods
Male New Zealand White rabbits, each weighing
2 to 4 kg, were maintained on standard rabbit diet
containing 1.0% calcium and 0.5% phosphorus (Ral-
ston Purina, St. Louis, Missouri). Because phos-
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phorus deprivation blunts the phosphaturic re-
sponse to PTH, rabbits were also given additional
phosphate supplement in their drinking water (24
mM: 8 mi monobasic sodium phosphate and 16 mM
sodium phosphate) for 3 days to achieve phosphate
intakes similar to the rats. Rabbits were anesthe-
tized with sodium phenobarbital (125 mg/kg, i.v.)
plus sodium pentobarbital (5 to 10 mg/kg). Studies
were also performed on male Sprague Dawley rats,
each weighing 250 to 500 g. Rats were maintained
on standard rat diet containing 1.0% calcium and
0.7% phosphorus (Ralston Purina, St. Louis, Mis-
souri) and were anesthetized with mactin (10 mg/
100 body wt, Byk Gulden Konstanz, Hamburg,
West Germany). Catheters were placed in jugular
veins and a carotid artery for infusion, to monitor
blood pressure, and for blood sampling. Animals
were thyroparathyroidectomized (TPTX), a tra-
cheostomy was performed, and a catheter was
placed in the bladder for urine collection. Body
temperature was maintained between 37 and 40° C
in rabbits and between 36 and 38° C in rats. Rats
received a 3% inulin infusion in 0.9% saline at 3.2
mI/hr. Rats were allowed to breathe spontaneously,
and blood Pco2 was controlled by changing the gas
mixture of inspired air. Rabbits were infused with
1% inulin in 0.9% saline at 1.0 mi/mm. To maintain
a normocapnic state, we infused Flaxedil (2 mg/kg
prime and 1 mg/kg/hr, Flaxedil Gallamine Tn-
ethoiodide, American Cyanamid Company, Pearl
River, New York), and we mechanically ventilated
the rabbits (Harvard Apparatus, Millis, Massachu-
setts).
Rabbits have been reported to have up to 32 ac-
cessory parathyroid glands from the base of the
tongue to the cranial pole of the thymus [7]. There-
fore, we extensively dissected tissue along the
trachea, including thyroidectomy and thymectomy.
Because the results of this extensive dissection
were not different from removal of the thyroid and
associated parathyroid glands, standard TPTX was
performed. The effects of TPTX were evaluated in a
separate group of rabbits. Preparation of the rabbits
was like that described previously with the ex-
ception of the TPTX. Ninety minutes after the initi-
ation of infusion, two consecutive 15-mm urine col-
lections were taken, and an arterial blood sample
was drawn at the midpoint of these clearances. Thy-
roids and associated parathyroids were then surgi-
cally removed. Two 15-mm experimental clear-
ances were taken following a 2-hour equilibration
period (N = 6). Plasma calcium concentration was
2.39 0.13 and 2.25 0.14 mrvi, FEca was 10 4%
and 25 7%, and FEB04 was 28 4% and 27 3%,
before and after TPTX, respectively.
Group la: Parathyroid hormone dose response in
the rat. Following a 2-hour equilibration period,
two consecutive 15-mm control urine collections
were taken, and an arterial blood sample was drawn
at the midpoint of these clearances. PTH (1-84, bo-
vine highly purified, Inolex Corp., Park Forest, Illi-
nois) was administered; the priming dose was 0.9 U!
kg and the sustaining dose was 0.03 U/kg/mm. Sub-
sequent references to doses will refer to the sustain-
ing dose. Experimental collections were begun after
50 to 60 mm of hormone infusion. The dose of PTH
was progressively increased to 3.3 and 0.1 U/kg!
mm, 9.9 and 0.3 U/kg/mm, and 33 and 1 U/kg/mm;
and two clearances were taken following the equili-
bration period at each dose (N = 5).
Group Ib: Parathyroid hormone dose response in
the rabbit. Following a 2-hour equilibration period,
two 15-mm control clearances were taken, and then
PTH was administered (priming dose, 3.3 U/kg;
sustaining dose, 0.1 U/kg/mm). Experimental col-
lections were begun 1 hour after the initiation of the
infusion. The dose of PTH was then increased to 33
and 1 U/kg/mm, and two final clearances were taken
after a 1-hour equilibration period (N = 6).
Group 2: Rabbit ti,ne control. The protocol was
identical to group lb except that no hormone was
given.
Group 3a: Calcitonin dose response in the rat.
Following the 2-hour equilibration period, control
clearances were taken, and caicitonin (0.03 U/kg!
mm, salmon calcitonin [4,000 U/mg], Armour Phar-
maceutical Co., Phoenix, Arizona) was infused.
Two 15-mm collections were begun 45 to 60 mm af-
ter the initiation of hormone infusion. The dose of
calcitonin was progressively increased to 0.1, 0.3,
and 1.0 U/kg/mm, and two clearances were taken
after the 45- to 60-mm equilibration period at each
dose (N = 5).
Group 3b: Calcitonin dose response in the rabbit.
Following a 2-hour equilibration, two control clear-
ances were taken. Calcitonin was then infused at
0.1 U/kg/mm, and after 45 to 60 mm of infusion, two
experimental collections were taken. The dose of
calcitonin was then increased to 1 U/kg/mm, and
two final collections were taken after the equilibra-
tion period (N = 6).
The concentration of inulin in plasma and urine
was measured by the Anthrone method [8]. Sodium
and potassium concentrations were measured by
flame photometry (Instrumentation Laboratory,
Inc., Lexington, Massachusetts). Calcium concen-
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Table!. Effect of PTH in rabbits and ratsa
tration was determined by atomic absorption spec-
trometry, and ultrafilterability was determined with
an Amicon membrane (CF-50A; Amicon Corp.,
Scientific Sys. Dir., Lexington, Massachusetts).
Chloride concentration was determined by elec-
trometric titration (Aminco, Silver Springs, Mary-
land). Blood pH was determined with a blood gas
analyzer (Instrumentation Laboratory, Inc.). Phos-
phate concentration was measured by the Chen
method [9].
Results were evaluated by analysis of variance
and randomized complete block design. Signifi-
cance of means was tested with Duncan's new mul-
tiple range test [10]. Significance was designated at
P < 0.05. The data are presented as the means
SEM.
Results
The effects of PTH in rabbits and rats are present-
ed in Table 1 and Fig. 1. In rats, PTH increased the
FEB04 in a dose-dependent fashion from 0.13
0.02% to 36.0 3.0% at the highest dose. In rab-
bits, the FEB04 started at a much higher level, 18
4%, and increased to 28 4% at the highest dose of
PTH. In parallel time-control experiments in rab-
bits, FEp04's were 17 3, 16 4, and 20 4 in the
three respective periods.
In rats, PTH significantly decreased the excretion
of calcium at the lowest dose, and this effect per-
sisted at the higher dose. In rabbits, the UcaV was
markedly higher and was signifcantly decreased at
the highest dose of PTH.
The effects of PTH on hemodynamics, plasma
electrolytes, and acid-base status are shown in
Table 1. As expected, GFR's were higher in rabbits
than they were in rats, and blood pressures tended
to be lower in rabbits than they were in rats. Plasma
calcium concentrations were significantly lower in
rats than they were in rabbits and did not change
following administration of PTH. The ultrafilterabil-
ity of calcium was 60% in the rat and 56% in the
rabbit. Plasma phosphate concentrations were sig-
nificantly higher in rats than they were in rabbits.
Blood pH was not significantly different between
the two species, and Pco2 was held in the normo-
capnic range in both rats and rabbits.
The effects of calcitonin in rabbits and rats are
presented in Table 2 and Fig. 2. In rats, calcitonin
significantly increased U04V at the dose of 0.3 U/
kg/mm without further increases at the higher dose.
In contrast, calcitonin was not phosphaturic in rab-
bits, and at the highest dose, 1 U/kg/mm, FEB04 was
significantly decreased.
In rats, calcitonin increased the FENa from 0.2
1.0% to 1.6 0.5% at the highest dose. In rabbits,
calcitonin was markedly natriuretic and increased
the FENa from 4.0 0.5% to 18.0 3.0% at 0.1 UI
kg/mm without further increases at the higher dose.
Rats (N = 5) Rabbits (N = 6)
Control 0.03U 0.1U 0.3U l.OU Control 0.1U lOU
Electrolyte excretion
FE,% 0.13 5 11b 27b 36b 18 24 28b
±0.02 ±2 ±3 ±3 ±3 ±4 ±3 ±4
FEca,% 2.0 10b 06b 10b 07b 23 11 75
±0.6 ±0.3 ±0.1 ±0.3 ±0.2 ±7 ±3 ±1
Blood electrolytes and acid base
Pp04, mM 2.52 3,06b 298b 2.51 2.14 1.47 1.40 1.46
±10 ±0.15 ±0.21 ±0.26 ±0.10 ±0,09 ±0.16 ±0.16
Pca, mM 1.75 1.75 1.71 1.61 1.75 2.71 2.83 2.80
±.04 ±0.16 ±0.15 ±0.10 ±0.16 ±0.23 ±0.25 ±0.27
pH 7.27 7.29 7.3V' 7,31b 733b 7.22 7.26 7.25
±.03 ±0.02 ±0.04 ±0.02 ±0.02 ±0.03 ±0.04 ±0.02
Pco2, mm Hg 45 44 40 40 38b 50 40b 4O
±4 ±2 ±3 ±4 ±3 ±3 ±4 ±2
HCO3,mEq/liter 20 20 19 20 19 20 l7 17b
±0.7 ±0.8 ±0.2 ±1 ±1 ±1 ±1 ±1
Hemodynamics
BP,mmHg 136 130 123 121 il8 97 89 90
±5 ±4 ±6 ±9 ±11 ±7 ±6 ±5
GFR,,nl/min 3.3 2.5 3.2 2.8 2.9 8 10 9
±0.1 ±0.2 ±0.4 ±0.3 ±0.6 ±2 ±1 ±1
a Values are the means ± SEM. The rate of infusion (U/kg body
P < 0.05.
wtlmin) is that following prime (see text for details).
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Fig. 1. Effects of bovine PTH on the fractional excretion of phosphate (FE04) and calcium (FEc,,) in thyroparathyroidectomized rats (N
= 5) (closed circles) and rabbits (N = 6) (open circles). The doses refer to the sustaining infusions following a prime dose (see text for
details).
Table 2. Effect of calcitonin in rabbits and ratsa
Rats (N = 5) Rabbits (N = 6)
Control 0.1 U l.OUControl 0.03 U 0.1 U 0.3U 1.OU
Electrolyte excretion
FE0,,% 0.4 1.1 5 12" 9 22 19 14b
±0.1 ±0.4 ±3 ±5 ±4 ±5 ±5 ±3
FEN,,,% 0.2 0.4 0.9 16b 1.6" 4.0 18b 55
±0.1 ±0.2 ±0.2 ±0.6 ±0.5 ±0.5 ±3 ±2
FEc,,% 1.0 1.5 1.4 2.1 2.2 6.0 23" 19"
±0.2 ±0.6 ±0.6 ±0.7 ±0.6 ±0.6 ±4 ±3
FEC,,,% 1.0 0.8 03b 0.4 03b 36 35 33
±0.3 ±0.2 ±0.1 ±0.2 ±0.1 ±8 ±7 ±7
Blood electrolyte and acid base
Pp04, mM 2.72 2.50 2.18" 219b 2.25 1.14 1.05 1.12
±0.18 ±0.08 ±0.16 ±0.22 ±0.26 ±0.18 ±0.12 ±0.14
Pc,,,mM 1.48 1.24 1.24 1.21" 1.43 2.20 2.20 2.02
±0.09 ±0.05 ±0.05 ±0.09 ±0.07 ±0.12 ±0.17 ±0.15
pH 7.29 7.33" 73b 7.3D 7.35" 7.29 7.27 7.23"
±0.02 ±0.03 ±0.01 ±0.03 ±0.03 ±0.02 ±0.02 ±0.04
Pco,, mm Hg 46 45 39b 38" 43 44 40 42
±2 ±4 ±2 ±3 ±3 ±2 ±1 ±2
HCO3, mEqiliter 22 23 22 22 24 20 18" 17"'
±2 ±1 ±1 ±0.6 ±1 ±1 ±1 ±1
Hemodynamics
BP,mmHg 141 138 127" 123" 118b 97 95 95
±3 ±5 ±4 ±3 ±2 ±9 ±10 ±8
GFR,ml/min 4.0 3.3 4.5 4.8 3.6 11.0 10.0 9.0"
±0.7 ±0.1 ±0.7 ±0.7 ±0.6 ±0.3 ±0.9 ±0.8
Values are the means ± SCM. Calcitonin dose was in U/kg of body wt/min.
P < 0.005
FE1 increased in parallel from 6.0 ± 0.6% to 23.0 ±
4.0%.
Discussion
The two major renal effects of PTH in man and
experimental animals are an increase in tubular
reabsorption of calcium and a decrease in tubular
reabsorption of phosphate [11]. Administration of
PTH in the rat significantly increased phosphate
and decreased calcium excretions, as has been pre-
viously described. Under the same conditions, PTH
administration in the rabbit resulted in qualitatively
similar changes, but the magnitude of the response
varied between species. PTI{ elicited a significant
phosphaturia in the rat at low doses, whereas a sig-
nificant phosphaturia occurred in the rabbit only at
the highest dose. These changes in phosphate han-
dling were observed with concomitant decreases in
calcium excretion. Again, PTH produced signifi-
cant changes in calcium reabsorption at much lower
doses in the rat, but the rabbit exhibited a larger
change in calcium excretion.
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Fig. 2. Effects of salmon calcitonin on the fractional excretions of phosphate (FE04) and chloride (FEl in thyroparathvroidectomized
rats (N = 5) (closed circles) and rabbits (N = 6) (open circles).
In studies of the isolated rabbit tubule, PTH has
been demonstrated to stimulate adenylate cyclase
in the proximal convoluted tubule and the pars rec-
ta, the major sites of phosphate reabsorption, as
well as cortical thick ascending limb and certain
segments of the distal tubule and collecting tubule,
sites of calcium reabsorption [12, 13]. PTH-sensi-
tive phosphate transport has been demonstrated in
the pars recta and the late proximal convoluted seg-
ments of the isolated rabbit tubule, whereas the
early and mid segments of the proximal tubule are
insensitive to PTH in regard to phosphate regula-
tion [14—16]. Preliminary data from this and another
laboratory have failed to demonstrate a phosphatur-
ic response to a physiologic dose1 of PTH in the rab-
bit [17, 18]. With a normal rabbit diet, not supple-
mented with phosphate, baseline phosphate excre-
tions (8 2%) were lower than they were in our
study, and there was no phosphaturic response to
PTH (9 3%). Responsiveness was not enhanced
by ammonium chloride treatment or by dietary
phosphate supplement in the rabbit; a phosphaturic
response to a physiologic dose of PTH was demon-
strated, however, in the presence of acetazolamide
[17]. This phosphaturia was interpreted to be a re-
sult of increased phosphate delivery to the late
proximal tubule and pars recta, which have been
shown to be sensitive to PTH in vitro. A significant
increase in phosphate excretion in the rabbit under
standard experimental conditions in our studies was
observed only at pharmacologic doses of PTH. The
apparent insensitivity to PTH of the proximal con-
voluted tubule with regard to phosphate transport
may play a role in the blunted phosphaturic re-
sponse to PTH observed in the rabbit.
PTH also stimulates adenylate cyclase in the cor-
tical thick ascending limb, distal convoluted tubule,
'The physiologic dose of PTH was estimated from known re-
placement doses in other species.
and the first branched portion of collecting tubule
of the isolated rabbit tubule [1]. These sites have
also recently been reported to be sites of PTH-sen-
sitive calcium transport in the isolated rabbit tubule
[13, 19]. This PTH-sensitive adenylate cyclase and
subsequent stimulation of calcium reabsorption
may account for the decreased calcium excretion in
the rabbit.
Calcitonin was both phosphaturic and modestly
natriuretic in the rat, as has been previously de-
scribed [3]. On the other hand, in the rabbit, calcito-
nm markedly increased sodium chloride excretion
at the low dose and was antiphosphaturic at the high
dose. The in vitro studies of Chabardes et al impli-
cate the thick ascending limb and the distal tubule
as target structures for calcitonin in the rabbit kid-
ney [2]. Calcitonin-sensitive adenylate cyclase has
also been demonstrated in the medullary thick as-
cending limb of Henle's loop of the rat (Edwards et
al, submitted for publication). Studies in our labora-
tory have demonstrated a lack of additivity of cal-
citonin and furosemide on sodium chloride excre-
tion in the rabbit [17]. Taken together, these studies
are consistent with the view that calcitonin stimu-
lates adenylate cyclase in the ascending limb of
Henle's loop and inhibits sodium chloride reabsorp-
tion in this segment. The physiologic significance of
this finding is uncertain, in part due to the relatively
high doses of calcitonin necessary to demonstrate
this effect. Also, therapeutic doses used in humans
are accompanied by increases calcium excretion in
the presence of the marked increase in sodium ex-
cretion. In any event, calcitonin had a much more
marked effect on sodium chloride excretion in the
rabbit than it did in the rat. It was surprising that
calcitonin did not increase calcium excretion in the
presence of the marked increase in sodium chloride
excretion, because it might be predicted that inhibi-
tion of sodium chloride reabsorption in the thick as-
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cending limb would be accompanied by inhibition of
calcium reabsorption [20]. Sodium and calcium
transport, however, have been dissociated in the
distal nephron of the rabbit in vitro [13], raising the
possibility that segments subsequent to the thick as-
cending limb may reabsorb an increased delivery of
calcium.
Despite identical surgical procedures in both spe-
cies, thyroparathyroidectomy (TPTX) resulted in
very different control values between rats and rab-
bits, with the calcium and phosphate excretions in
the rabbit much higher and more variable than those
observed in the rat. The possibility that accessory
parathyroid glands may be contributing to the elec-
trolyte excretions observed in the rabbit was ruled
out by extensive dissection in a separate group of
rabbits described in the Methods section. Further,
the changes in calcium excretion seen with the re-
moval of the thyroids and associated parathyroids
are consistent with an effective TPTX. In addition,
the administration of PTH restored calcium excre-
tion to levels similar to those observed prior to
TPTX. A similar electrolyte excretion pattern has
been observed in the TPTX fasted hamster [21]. For
these reasons, we think that an adequate para-
thyroidectomy was achieved in the rabbits.
Summary. PTH administration affected phos-
phate and calcium handling in a similar direction in
both rat and rabbit. The magnitude of the changes,
however, varied markedly between species. Cal-
citonin, on the other hand, affected predominately
phosphate excretion in the rat and sodium chloride
excretion in the rabbit. Thus, the rabbit exhibits a
unique pattern of renal response to PTH and cal-
citonin.
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